The time-variant acoustic signal at a point in the solar interior can be constructed from observations at the surface, based on the knowledge of how acoustic waves travel in the Sun : the time-distance relation of the p-modes. The basic principle and properties of this imaging technique are discussed in detail. The helioseismic data used in this study were taken with the Taiwan Oscillation Network (TON). The time series of observed acoustic signals on the solar surface is treated as a phased array. The timedistance relation provides the phase information among the phased array elements. The signal at any location at any time can be reconstructed by summing the observed signal at array elements in phase and with a proper normalization. The time series of the constructed acoustic signal contains information on frequency, phase, and intensity. We use the constructed intensity to obtain three-dimensional acoustic absorption images. The features in the absorption images correlate with the magnetic Ðeld in the active region. The vertical extension of absorption features in the active region is smaller in images constructed with shorter wavelengths. This indicates that the vertical resolution of the three-dimensional images depends on the range of modes used in constructing the signal. The actual depths of the absorption features in the active region may be smaller than those shown in the three-dimensional images.
INTRODUCTION
In conventional helioseismology, most results are obtained from a global mode analysis. A time series of intensity or velocity images is decomposed into eigenmodes, characterized by radial order n, spherical harmonic degree l, and azimuthal order m. Given the dispersion relation of p-modes, the eigenfrequencies as a function of n, l, and m provide the global information on the solar interior. Recently interest in studying the local structure of the Sun in helioseismology has grown rapidly because high spatial resolution helioseismic data, such as data from the Taiwan Oscillation Network (TON) (Chou et al. 1995) and the Solar and Heliospheric Observatory (SOHO) (Scherrer 1995) , have become available. Braun, Duvall, & LaBonte (1987) Ðrst decomposed the p-mode oscillations around a sunspot into ingoing and outgoing modes to study the interaction of p-modes with the sunspot. Hill (1988) used the dispersion relation of p-modes derived from a local area (ring diagram) to probe the local subsurface Ñow. Duvall et al. (1993) Ðrst developed a new technique, time-distance analysis, to analyze the helioseismic data. Time-distance analysis is performed directly in the spacetime domain instead of in the frequencywavenumber domain. It is a useful tool to study the local structure. So far most studies of time-distance analysis are based on Ðnding and interpreting the perturbation of timedistance curves due to local inhomogeneities (Je †eries et al. 1994 ; DÏSilva et al. 1996 ; Duvall et al. 1996 ; Kosovichev 1996 ; Braun 1997 ; Bogdan et al. 1997 ; Kosovichev & Duvall 1997 ; Woodard 1997) .
Some authors (Roddier 1975 ; Lindsey & Braun 1990 ; Braun et al. 1992) proposed local diagnostics of the solar interior based on acoustic holography. Lindsey & Braun (1997) prescribed computational applications for helioseismic holography from two fairly separate directions : the spectral perspective and the time-distance perspective. Chang et al. (1997, hereafter Paper I) independently developed an acoustic imaging method, based on the timedistance relation, and for the Ðrst time constructed a three-dimensional acoustic intensity image of the solar interior with the helioseismic data observed with TON. The constructed time series of acoustic waves includes both intensity and phase information (Lindsey & Braun 1997) . Chen et al. (1998) Ðrst used phase information to construct a three-dimensional phase map of the solar interior.
In this paper we discuss the basic principle and properties of this acoustic imaging method in detail, and study another data set, also observed with TON, with an improved technique. In°2 we discuss the basic principle of acoustic imaging. We describe the data reduction procedure in°3. We discuss the results in°4 and the properties of acoustic imaging in°5.
BASIC PRINCIPLE
The goal of acoustic imaging is to construct the spatial distribution of the acoustic signal in the solar interior at any time. Here we adopt the idea of the daily experience : imaging an object illuminated by ambient light. The image of an object, illuminated by scattered daylight, is formed by an optical lens. The function of the optical lens is to add the electromagnetic signals from each point on the target object in phase to form the image. The solar p-mode waves, which are continually generated and dissipated stochastically by the turbulent convection, can play the same role as ambient daylight. The p-mode waves are scattered and absorbed by local inhomogeneities. If we appropriately add the p-mode waves observed at the surface such that the acoustic signal emanating from a particular point at a particular time is collected in phase, we can reconstruct the p-mode amplitude at the target point at the target time. The scheme of adding signals from the target point in phase plays the same role as a lens in optics.
The idea of phased-array imaging is an old one, and is most familiar in astronomy in radio interferometry. Dedicated solar phased arrays (Wild 1961 ; Nakajima et al. 1980) produce two-dimensional snapshot images of solar structures. The concept has wide use in radar and sonar applications as well as in astronomy. The pressure Ñuctuations in the sound waves that impinge upon every point on the solar surface cause detectable Ñuctuations in the temperature and velocity of the surface. Every spatial point can therefore be used as an element of a hydrophone array. Phasing the time signals from the various elements produces the image.
The solar p-mode waves are di †erent from the daylight. In the Sun, p-modes propagate in an inhomogeneous, anisotropic, and dispersive medium. Di †erent p-modes propagate di †erently in the Sun and have di †erent propagators. A resonant p-mode is trapped and multiply reÑected in a cavity between the surface and a layer in the solar interior. The acoustic signal emanating from a point at the surface propagates downward to the bottom of the cavity and back to the surface at a di †erent horizontal distance from the original point. Di †erent p-modes have di †erent paths and arrive at the surface with di †erent times and di †erent distances from that point.
However, DuvallÏs law (Duvall 1982) greatly simpliÐes the description of p-mode propagation in the Sun. The modes with the same angular phase velocity u/l have approximately the same ray path, where u is the mode frequency. They form a wave packet which carries the signal from point to point in the Sun. The relation of the travel time and the angular distance traveled by the wave packet can be measured with a cross-correlation technique (Duvall et al. 1993) . Each point on the time-distance curve corresponds to a wave packet formed by the modes with the same u/l. It is noted that the computed time-distance relation from a standard solar model based on the ray theory at 3 mHz agrees well with the observed one (DÏSilva & Duvall 1995) .
Suppose we want to reconstruct the wave amplitude at (r, t), where r can be any point in the Sun. Initially, we assume that r is on the surface. The p-modes emanating from (r, t) can be grouped into di †erent wave packets characterized by the angular phase velocity u/l. Di †erent wave packets bounce back to the surface at di †erent (r@, t@). If we can collect the acoustic signals measured at all (r@, t@) based on the knowledge of how acoustic waves travel in the Sun, the time-distance relation, in principle we can reconstruct the acoustic wave amplitude at (r, t). If we treat the time series of observed images as the temporal signal detected on a phased array, the time-distance curve provides the phase information among the phase elements. Summing the observed amplitude at array elements in phase and normalized with an appropriate weighting function, we can reconstruct the acoustic amplitude at the target point r at the target time t.
Since the travel time depends on the angular distance from the target point, the signals at the angular distance * from the target point are averaged to obtain the azimuthalaveraged amplitude in the Ðrst step of the coherent ( 1 (*, t) sum in acoustic imaging. Azimuthal averaging isolates only the modes with m \ 0, which propagate only inward toward the target point or outward from the target point. The signal originating from a target point at time t is constructed by summing the azimuthal-averaged amplitudes at di †erent angular distances from the target point measured at the appropriate time delays based on the time-distance curve
where is the constructed signal at the target point at t, ( c (t) is the azimuthal-averaged signal at a distance * ( 1 (*, t ] q) from the target point at time t ] q, and q is determined from the time-distance curve obtained from the quiet Sun. The summation variable q is evenly spaced in the interval
The factor W P (sin */q2)1@2 is the weighting (q 1 , q 2 ). function to account for di †erent weights for di †erent wave packets. For a polytropic atmosphere, (sin */ q2)1@2 P (sin */*)1@2. In the limit of small angle, this weighting function is equivalent to that which equation (4) of Braun et al. (1998) prescribes for proper, single-skip egression computations in a plane-parallel polytrope for shallow focal planes. Thus the coherent sum in equation (1) is practically equivalent to the egression in an acoustic holograph. It is noted that the summation in the egression in Braun et al. (1998) is evenly over the solar surface. There is a conversion factor between the summation over space in the egression of Braun et al. and the summation over time in equation (1).
To construct the acoustic amplitude at a point below the surface, we need to focus our acoustic array on this subsurface target point. This requires the time-distance relation between a subsurface point and a surface point. Equation (1) is still valid, but now q is the travel time from the subsurface target point to the observing points on the surface at an angular distance * from the target point. Since the timedistance relation between a subsurface point and a surface point cannot be obtained from observations, we have to compute it from a standard solar model, using the ray approximation (J. Christensen-Dalsgaard 1990, private communication ; DÏSilva & Duvall 1995) . The good agreement between the computed time-distance relation and the observed one for the surface justiÐes using the computed time-distance relations for subsurface targets. The computed time-distance curves at a wave frequency of 3 mHz are shown in Figure 1 for various focal depths. Those curves FIG. 1.ÈTime-distance relations at various focal depths, computed from a standard solar model, based on ray theory, at 3 mHz. For each curve, the Ðlled circles correspond to modes whose l is a multiple of 10, starting with l \ 80 at the right end of each curve. The highest-l mode which can penetrate into the depth of the target point is marked by an open circle on each curve. The l value decreases going in either direction away from the point along the curve. l max are for rays that do not reÑect from the surface before reaching the point of detection. Waves that are reÑected between the target and the point of detection have longer travel times, and an analogous set of time-distance curves can be computed. To distinguish among these di †erent sets of rays, the convention is to identify the rays by the number of upward passages between target and detection. The curves in Figure 1 thus are for single-bounce rays. Rays with one reÑection between target and detection are two-bounce, and so on.
Each point (*, q) on a time-distance curve corresponds to the modes having the same u/l, which form a wave packet. For the surface time-distance curve, this wave packet takes time q to travel between two surface points separated by an angular distance *. At a particular frequency, 3 mHz for example, each point on the curve corresponds to one lvalue. A mode of lower l travels a larger * as it emerges to the surface again. Thus, for the time-distance curve at the surface, l decreases along the curve as * increases. For example, * \ 2¡ corresponds to l \ 386, and * \ 14¡ corresponds to l \ 112 for u \ 3 mHz. For each curve in Figure  1 , the Ðlled circles correspond to modes whose l is a multiple of 10, starting with l \ 80 at the right end of each curve.
The situation is more complicated for the time-distance relation between a subsurface target point and a surface observation point. If the target point is at a depth D below the surface, as sketched in Figure 2 , it is inaccessible to p-modes that have turning depths shallower than the target depth. At a constant frequency, the modes with l higher than cannot penetrate into the depth of the target point. l max For example, at 3 mHz 147, and 92 for D \ 20, l max \ 230, 40, and 80 Mm, respectively. In Figure 2 , point A is the target point, and CAF corresponds to the ray path of the mode, which has a turning depth equal to the target l max depth. The point corresponding to on the time-distance l max curve is a reÑection point, whose location is marked by an open circle in Figure 1 . Paths AG and AE correspond to the same u/l. But they have the di †erent locations on the timedistance curve. On the time-distance curve, path AG corre-FIG. 2.ÈSketch of the ray paths for di †erent modes with the same u/l. Point A is the target point. The ray path CAF corresponds to the point l max on the time-distance curve. Wave packets from B and D pass the target point A and reach the surface at E and G, respectively. These two wave packets have the same u/l. Point E corresponds to a point on the left-hand side of the point on the time-distance curve in Fig. 1 , and point G l max corresponds to a point on the right-hand side.
sponds to a point on the right-hand side of the point, l max and path AE corresponds to a point on the left-hand side of the point. The l-value decreases going in either direcl max tion away from the point along the curve. l max
OBSERVATIONS AND DATA REDUCTION
The helioseismic data used in this study were taken with the TON instruments in Tenerife, Big Bear, and Tashkent. A discussion of the TON project and its instruments is given by Chou et al. (1995) . The TON data are full-disk K-line images recorded by a 16 bit 1080 ] 1080 watercooled CCD. The images are taken at a rate of one image per 60 s. The diameter of the Sun is about 1000 pixels. The measured amplitude of intensity oscillations is about 2.5%.
The time series in this study is 1996 August 1È3. We select NOAA 7981, which is a large old active region, as the target region. The preceding sunspot has little change, while the several following sunspots change signiÐcantly during this period. The latitude of the preceding sunspot is about 10¡south in the Carrington coordinates.
The preliminary data reduction of the TON data, such as Ñat-Ðelding and registration, is given by Chen, Chou, & the TON Team (1996) . The data reduction procedure to construct solar acoustic images at various focal depths is described as follows :
1. The limb darkening of the K-line intensity image is removed.
2. Each observed K-line full-disk image is transformed into sin hÈ/ coordinates with the GRASP package developed by GONG, where h and / are the latitude and the longitude, respectively, in a spherical coordinate system aligned along the solar rotation axis. In sin hÈ/ coordinates, the range [ 1 \ sin h \ 1 and [ 90¡ \ / \ 90¡ corresponds to 512 ] 512 pixels.
3. The solar di †erential rotation at the surface is removed with an observed surface di †erential rotation velocity (Libbrecht & Morrow 1991) . This issue is discussed in°5.5.
4. Aperiodic variation is suppressed by subtracting the 15 frame running mean from the intensity time series at each spatial point. This introduces aliasing below a frequency around 1.11 mHz, but the following temporal Ðlter will remove this aliasing.
5. The signal in a range of 2.7È6.5 mHz is isolated with the Fourier transform.
6. The signal inside the sunspot is set to zero because scattered light contaminates the measurement and slight misregistration introduces a spurious signal. 7. The signals at the angular distance * from the target point are averaged to obtain the azimuthal-averaged amplitude
The signal at the target point at time t is ( 1 (*, t). constructed based on equation (1).
8. In this study we use two di †erent annular collecting areas (apertures), corresponding to di †erent l-ranges, to FIG. 4 .È(a) K-line image and (c, d) reconstructed acoustic intensity images at the surface for the same area. The K-line intensity image in (a) is averaged over the 3 days of observation. The plage structure is blurred by evolution. Image (c) is constructed from outgoing waves, and (d) is constructed from ingoing waves from the whole observing period. It is apparent that there is no sunspot signature in (d) ; (b) is obtained by subtracting (d) from (c) and dividing by the average over the quiet region of (d). The horizontal (/) and vertical (sin h) dimensions are and respec-21¡ .1, 13¡ .3, tively. Thus the aspect ratio is about 3/2, and noise Ñuctuations in the quiet Sun appear elongated in the north-south direction. The area is selected to include both active and quiet regions.
construct the acoustic signal at the target point. The smaller angle aperture is corresponding to l \ 202È378 at 3 2¡È5¡ .5, mHz for the surface. The larger angle aperture is 2¡È14¡, corresponding to l \ 112È378 at 3 mHz for the surface. In the measurements made using the small-angle aperture, we Ðnd that the intensity maps constructed by the ingoing waves with one-bounce time-distance curve show ghost images near the sunspots which are caused by inaccurate signals measured in the sunspots (the observed signal in the sunspot is set to zero in data processing). Thus we use a two-bounce time-distance curve for the small-angle aperture to avoid the e †ect of the sunspots. The e †ects of aperture choice are discussed in°°5.6 and 5.7.
9. The phased summation is repeated for each t in the time series. The time series of constructed amplitude at a target point in the quiet Sun is shown in Figure 3 (upper graph). For comparison, the amplitude observed at that point is also shown in Figure 3 (lower graph). The 5 minute oscillations are obvious. The correlation between constructed and observed time series is apparent and will be discussed in°4. The time series of constructed amplitude contains information on the frequency, the intensity, and the phase of the wave train . In this study we concentrate on the intensity and only brieÑy mention phase information.
10. The amplitudes at di †erent t-values are squared and added to obtain the acoustic intensity received from the target point.
11. The procedure is repeated by shifting the aperture to center on each point in a target region, forming a twodimensional acoustic image. The data from each observing station on each day, deÐned as one unit, is analyzed separately. The Ðnal constructed intensity map is the sum over seven units in the period 1996 August 1È3.
12. The same procedure is applied to construct acoustic images at various focal depths with the time-distance curves for di †erent focal depths.
The constructed acoustic image at the surface from the large-angle collecting area is shown in Figure 4c . The dimensions of the target region are 60 ] 60 pixels, corresponding to in / (horizontal) and in h (vertical). 21¡ .1 13¡ .3 Thus its aspect ratio is about 3/2, and features in the quiet Sun appear elongated in the north-south direction. The target region is selected such that both active and quiet regions are included. For comparison, Figure 4a shows the corresponding averaged observed K-line intensity image. The K-line intensity image in Figure 4a is averaged over the 3 days of observation. The blurred plage structure is caused by evolution during the observing interval. The correspondence between the reconstructed image, Figure 4c , and the K-line image, Figure 4a , is apparent inside and near the sunspot where the p-mode absorption is strong. The correspondence is less clear in the plage regions where the absorption is weak. We believe that the major component of the spatial Ñuctuation of acoustic intensity in the quiet Sun shown in Figure 3c is noise rather than solar signal. It will be discussed in°5.2.
RESULTS
The constructed acoustic intensity discussed above is the acoustic intensity propagating outward from the target point, since it is constructed by the outgoing waves. We can also construct the acoustic intensity at a target point by the waves propagating inward from the surrounding area if we use a time-reversed time-distance curve. The time-reversed time-distance curve can be obtained simply by mirrorreÑecting the ordinary time-distance curve with respect to the t \ 0 axis. It corresponds to replacing q in equation (1) by [q. The time-reversed time-distance relation describes the waves propagating inward toward the target point (r, t) from the surrounding observing points (r@, t@). The acoustic image constructed with the time-reversed time-distance curve is shown in Figure 4d . It shows several important phenomena : (1) It shows no signature of the sunspot as expected because the ingoing waves in the surrounding area have not been a †ected by the local properties of the target point before they reach the target point (Paper I). (2) The average ingoing acoustic intensity in the quiet Sun is very close to the average outgoing acoustic intensity. (3) There is no correlation between the spatial Ñuctuations of the constructed intensity of the quiet Sun for Figures 4c and 4d . This indicates that the spatial Ñuctuation may be noise rather than the steady solar signal.
The degree of success in reconstructing the acoustic signal can be measured from the correlation between the reconstructed time series and the observed time series for a target point at the surface (T. L. Duvall, Jr. 1997, private communication) . We computed the cross-correlation between the time series of observed acoustic amplitudes at the surface and, separately, the time series reconstructed from ingoing and outgoing waves. Both give a maximum cross-correlation value about 0.4È0.5 for a 400 minute time series. There is also a phase shift between the time series. The phase of the time series constructed with the outgoing waves is ahead of the measured series by about 1 minute, and the phase of the time series constructed with the ingoing waves is behind the measured series by about 1 minute, in the quiet Sun. The phase shifts indicate the phase of the wave train advances about 1 minute after one bounce .
The acoustic intensity shown in Figures 4c and 4d is slightly nonuniform in the east-west direction. This is caused by the center-to-limb variation of the p-mode oscillatory amplitude in K-line measurements. In the direct acoustic power image, which is computed by summing the squared amplitude of the p-mode oscillations, the acoustic power increases in going from the disk center to the limb. This observational e †ect will cause the nonuniformity in constructed images if the target region is close to the limb in the sense that the west part of the constructed images will be enhanced, as the target region is close to the west limb. In our time series, the data coverage is better, as the target region is in the west part of the solar disk. This accounts for the higher acoustic intensity in the west part (right-hand side) of Figures 4c and 4d . The nonuniformity in the constructed images becomes more apparent as one goes deeper because the low-l modes have the greater contribution as one goes deeper.
We subtract the ingoing acoustic intensity (Fig. 4c ) from the outgoing intensity (Fig. 4d) and then divide the di †er-ence by the average of the ingoing acoustic intensity over the quiet Sun for each target point to obtain the fraction of ingoing wave power absorbed by the medium along the wave path. A dark area (negative value) indicates that the acoustic waves are absorbed at the target point and along the wave paths from the target point to the observing points. This is related to the absorption coefficient in other studies (Braun et al. 1987 ; Bogdan et al. 1993 ; Chen, Chou, & the TON Team 1996) . The absorption image is shown in Figure 4b , which is a better way to present the acoustic inhomogeneity, although its noise is higher than the intensity images in Figures 4c and 4d . Thus we will use it to present the local acoustic inhomogeneity below the surface. The spatial nonuniformity discussed above is removed in the absorption images. The strongest absorption, about 34% for the large-angle aperture, occurs in the preceding sunspot. It is about 4 times the standard deviation of the spatial Ñuctuation in the quiet Sun. The absorption in the sunspot is weaker than that measured with the mode decomposition method (Braun et al. 1987 ; Chen, Chou, & the TON Team 1996) . This may be due to the lower l modes used in imaging the absorption images. For example, the aperture 2¡È14¡ corresponds to l \ 112È386 at 3 mHz for the surface (see Fig. 2) .
One of the major goals of acoustic imaging is to construct the acoustic intensity image below the surface to study the inhomogeneity in the solar interior. The acoustic intensity at a focal depth can be constructed with the time-distance curve for that focal depth. Figure 2 shows the time-distance curves for several focal depths. To study the inhomogeneity below the surface in the target region, we construct absorption images for focal depths 0È40 Mm at intervals of 10 Mm. The absorption images constructed by outgoing waves at di †erent depths for the large-angle aperture (left column) and the small-angle aperture (right column) are shown in Figure 5 . Figure 5 shows that the vertical extension of the absorption features in the active region is smaller in the images made from the small-angle aperture. The fraction of acoustic absorption averaged over the umbra and penumbra of the preceding sunspot is shown in Figure 6 . The absorption values measured with the small-angle and large-angle apertures are similar (about 16%) at the surface. But the smallangle absorption decreases with focal depth more rapidly than the large-angle absorption. This indicates that the vertical spatial resolution of the three-dimensional absorption images depends on the range of modes used in constructing the signal. The vertical resolution is smaller in the smaller angle aperture because of the shorter wavelengths. The appearance of the absorption feature over a great range of depths in Figure 5 may be exaggerated over their true depths. Braun et al. (1998) suggested that the absorption region is quite superÐcial. Until the vertical resolution can be quantiÐed, it is premature to identify the actual vertical extension of absorption features in the active region based on these three-dimensional absorption images.
For comparison, we should mention the results from another study with a completely di †erent method, where the absorption of p-modes in the sunspot is described by an interaction parameter and the interaction parameter is obtained by inverting the measured absorption coefficients of p-modes in sunspots (Chen, Chou, & the TON Team 1997) . In that study, the depth dependences of the interaction parameter for two sunspots (NOAA 5254 and NOAA 7887) are similar : they increase rapidly, as going deeper, to a maximum value at a depth of about of 7 Mm and then gradually drop to zero at a depth of about 28È35 Mm.
The absorption images made from the small-angle aperture are sharper and have a smaller Ñuctuation length scale FIG. 5 .ÈAbsorption images at various focal depths. The images in the left-hand column are constructed with the 2¡È14¡ aperture, and the images in the right-hand column are constructed with the aperture. The 2¡È5¡ .5 dimension of each image is the same as in Fig. 4. in the quiet Sun. This is because the small-angle aperture corresponds to smaller horizontal wavelengths. The images made from the small-angle aperture are noisier. For example, the standard deviation of the spatial Ñuctuation of the quiet Sun is 0.084 for the small-angle aperture and 0.075 for the larger angle aperture. There are two possible sources FIG. 6 .ÈFraction of acoustic absorption averaged over the umbra and penumbra vs. focal depth. Open circles denote the absorption measured with the large-angle aperture. Filled circles denote the absorption measured with the small-angle aperture. The error bar shown here is not the error associated with the average absorption in the sunspot ; instead, it is the standard deviation of the spatial Ñuctuation of the quiet region. of higher noise. First, the acoustic signal constructed with the small-angle aperture has lower power because the shorter wavelengths have lower power in the acoustic spectrum. Second, the leftover from cancellation of undesired modes over the small aperture is greater.
DISCUSSION OF ACOUSTIC IMAGING

Absorption, Emission, and Suppression of p-Modes
It is important to understand the role of the absorption and emission of p-modes in acoustic imaging in order to interpret the constructed acoustic intensity and absorption images. Absorption and emission do not play symmetric roles in acoustic imaging as in the conventional normal mode analysis. First we discuss the acoustic intensity constructed with the outgoing waves. As a wave packet travels from the target point r to the observing point r@, the absorption and dissipation at the target point and along the wave path reduce the wave amplitude. The constructed intensity is smaller than the observed intensity at the target point owing to the dissipation and absorption along the wave path. But the emission at the points along the wave path does not contribute to the constructed intensity because it is not at the focal point and the emission is not picked up by the coherent sum. Only the emission at the target point (focal point) contributes to the constructed acoustic intensity.
For the acoustic intensity constructed with the ingoing waves, neither the absorption nor the emission at the target point and along the wave path appears in the constructed intensity. But the observed acoustic intensity at the target point should be lower than the constructed intensity, because of the dissipation and absorption along the wave path from r@ to r. The absorption images in Figure 5 are computed by subtracting the intensity constructed with the ingoing waves from the intensity constructed with the outgoing waves and then dividing by the ingoing intensity. Thus the absorption image consists of three parts : (1) the absorption and dissipation (negative value) at the target point, (2) the absorption and dissipation (negative value) along the wave path from r@ to r and back to r@, and (3) the emission (positive value) at the target point.
From the above discussion, the low-intensity features in images constructed with outgoing waves are due to the absorption at the target point and along the wave path. They are not caused by the suppression of wave amplitude at the target point due to local magnetic Ðeld or the local density change. The suppression of wave amplitude at the target point cannot be detected by a coherent sum of signals in the surrounding area because the local suppression disappears as the waves travel to the surrounding area. On the other hand, the local suppression will appear in direct acoustic power maps (Braun et al. 1992 ). The same argument applies to the local enhancement of the waves.
Since the absorption image contains information on emission as well as absorption of p-modes, it may be a useful tool to study the p-mode emission. For the resonant modes in our study, the lifetime is rather long. The acoustic emission is small relative to the acoustic intensity at each point. By contrast, modes above the cuto † frequency will escape the Sun when they reach the surface. Thus we expect that for the modes above the cuto † frequency the emission relative to the acoustic intensity at each point may be greater and more easily detected.
Spatial Fluctuation of Acoustic Intensity
in the Quiet Sun We believe that the major component of the spatial Ñuc-tuation of constructed intensity in the quiet Sun in Figures  4 and 5 is noise, not solar signal. First, there is no correlation between the observed acoustic intensity and the constructed outgoing intensity (Fig. 4c) in the quiet Sun. Second, the standard deviation of the spatial Ñuctuation in the quiet Sun, p, is approximately inversely proportional to the square root of the data length as shown in Figure 7 . The slope of the Ðtted line in the logarithmic plot is [0.42. Note that p is computed over the quiet Sun in the target region, which excludes the sunspot and plage area. It is difficult to identify the source of noise. It may include the incomplete cancellation of signals from points other than the target point (see°5.9), or the variation of the time-distance rela- tion, or the variation of excitation and dissipation of pmodes. Based on the issues discussed in°5.1, the spatial Ñuctuation is unlikely to reÑect the local acoustic structure at the target points. It could be caused by the local acoustic structure at observing points in the collecting aperture.
Normalization, W eighting, and Apodization
As discussed in°2, the weighting function W in equation (1) is proportional to (sin *)1@2*~1@2, which accounts for the di †erent weights for di †erent wave packets. In our previous studies (Paper I ; Chen et al. 1998 ; Chou et al. 1998) , we used di †erent weighting functions, which overestimated the lower l components and yielded a poorer spatial resolution in constructed images.
The degree of success in reconstructing the acoustic signal at a target point can be quantiÐed from the correlation between the reconstructed time series and the measured time series for a surface point. Chou et al. (1998) have computed the correlation between the reconstructed and measured time series averaged over the quiet Sun for various test weighting functions and apertures. It shows that the weighting function (sin *)1@2*~1@4, instead of (sin *)1@2*~1@2, has the highest correlation. The cause of this discrepancy is unknown. The study of Chou et al. (1998) shows that the signal constructed with a larger aperture has a higher correlation because larger angle apertures collect a greater range of l in the acoustic power spectrum.
ModiÐcation of the T ime-Distance Curve in Sunspots
We used the time-distance relation for the quiet Sun to construct the acoustic intensity in both quiet and magnetic regions. Magnetic Ðelds and mass Ñows in the active region will change the time-distance relation. The change in total travel time between a sunspot and the quiet Sun is about 0.2 minutes (Braun 1997) , which is much smaller than the period of p-mode waves. Moreover, it is the di †erential travel time, not the total travel time, that matters in constructing the intensity (see°5.6). The di †erential travel time is the di †erence of travel time of two adjacent points on the time-distance curve. It is expected that the presence of magnetic Ðeld in the active region introduces a change in di †er-ential travel time much smaller than the change in total travel time. Thus we believe that using the time-distance relation in the quiet Sun to construct the acoustic intensity in the sunspot is a fairly good approximation. However, the change in travel time will a †ect the phase of the constructed wave amplitude, and this e †ect can be detected with the phase measurement (see°°5.6 and 5.11).
E †ect of the Solar Di †erential Rotation
The solar di †erential rotation will modify the wave path. Although the travel time of a wave packet is not a †ected by the solar rotation, the rotation will change angular distance traveled by the wave packet. In the phase summation, we assume the signal originating from the target point has the same phase on a ring centered at the target point. Thus the di †erential rotation, including both the latitudinal and the radial di †erential rotation, will a †ect the result. In our analysis, we remove only the latitudinal di †erential rotation on the surface because the radial di †erential rotation in the convection zone at a Ðxed latitude is rather small (Libbrecht & Morrow 1991) . The radial di †erential rotation causes a change in the travel distance by less than 1% of the wavelength in the range of interest.
Spatial Resolution
The spatial resolution, in both horizontal and vertical dimensions, is an important issue but difficult to quantify in acoustic imaging. Here we will give a qualitative discussion. As in optics, the spatial resolution of the acoustic imaging technique depends on the wavelength of acoustic waves. For the solar acoustic p-modes, the wavelength is described by l and n. Each point on the time-distance curve represents the modes having the same u/l. These modes have the same path and form a wave packet. For the target point at the surface, a larger u/l corresponds to a larger angular distance and longer travel time. For the target point below the surface, at a Ðxed frequency, u/l is minimum at the l max point on the time-distance curve, and increases in both directions along the time-distance curve. The range of timedistance curve used to construct the acoustic image, corresponding to the size of the aperture, determines the range of p-modes used to construct the image. Thus the size of the aperture determines the spatial resolution of the constructed image. The horizontal spatial resolution is determined by l. But the vertical spatial resolution depends on both n and l because the vertical wavelength depends on the depth of the mode cavity, which is determined by l, and the number of radial nodes n. At a single frequency, a smaller angle aperture (smaller u/l), corresponds to a larger l, and will yield a better horizontal spatial resolution. For a Ðxed aperture (Ðxed u/l), a higher frequency corresponds to a higher n and higher l, and will yield a better vertical and horizontal spatial resolution. The smaller vertical extension of the absorption features in the images made with smaller angle aperture in Figure 5 shows the e †ect of l on the vertical resolution. Figure 5 shows that the horizontal spatial resolution of the constructed images becomes poorer at greater focal depth. This can be understood as follows : First, higher l modes cannot penetrate into deep layers ; only lower l modes are used to image the deep layers. Second, the time-distance curve is Ñatter with increasing focal depth. The phase gradient over the observing annulus decreases. The di †erence in phase used to image adjacent spatial points becomes smaller. This implies that the target point is imaged with a broader point-spread function. Thus the horizontal spatial resolution becomes poorer.
The vertical spatial resolution of constructed acoustic images is more complicated than the horizontal spatial resolution. It depends not only on the wavelength in the vertical direction but also on the change of the shape of the time-distance curve with focal depth. As mentioned in°5.4, the di †erential travel time instead of the total travel time plays the role in constructing acoustic intensity. For example, if the time-distance curve in the range of interest is simply shifted upward by a constant time dq, the constructed time series of acoustic amplitude will be identical except for being shifted by dq in time. The constructed acoustic intensity will be identical because the intensity is the time integral of the squared amplitude (but dq will a †ect the phase measurement discussed in°5.11). Thus the vertical spatial resolution is also determined by the change of the slope of the time-distance curve with focal depth. Figure 1 shows that the slope of time-distance curves has a signiÐ-cant change with focal depth only in the range of small angular distance. Using the small-angle aperture to image will improve the vertical spatial resolution.
We speculate that the small change in the slope of the time-distance curve with focal depth is one of the major e †ects on the vertical spatial resolution of the intensity maps. As we go from the large-angle aperture to the smallangle aperture, the improvement in the vertical resolution of the intensity maps is less than that of the phase maps . The vertical resolution of the phase maps is not a †ected by the small change in the slope of the timedistance curve (see°5.11).
5.7. Angular Size of the Phase Array and V iew Angle In our Ðrst attempts at coherent summation, the phased array was averaged over 360¡ about the target point. This restricts our choice of targets to be near the center of the visible disk. It is interesting to consider using a phased array that looks outside of itself, perhaps beyond the limb. We can test the e †ect of this idea on the spatial resolution by using portions of our annular array. If the phased array is summed over only a certain range of angle (view angle), the horizontal spatial resolution will change. Figure 8 shows images constructed from di †erent view angles and di †erent directions. The images are compressed in the north-south direction to make the aspect-ratio unit. The data set used here is only 512 minutes, so the absorption image of the sunspots is not clear. Figure 8a is constructed with a view angle of 360¡. Figure 8b is constructed with a view angle of 180¡ from the west (right). Figure 8c is constructed with a view angle of 180¡ from the north (top). Figure 8d is constructed with a view angle of 90¡ from the north (top). From these images, we draw two conclusions : (1) the spatial resolution becomes poorer in the view direction, and (2) the spatial resolution in both directions becomes poorer, as the view angle (e †ective aperture) becomes smaller (compare Figs. 8c and 8d ). This result is just the same as imaging in electromagnetic waves.
Multiple Bounces
In this study we use the one-bounce time-distance curve for the large-angle aperture and two-bounce time-distance curve for the small-angle aperture. The weighting function FIG. 8 .ÈImages constructed from di †erent view angles and di †erent directions. The data used here consist of a 512 minute time series. Image a is constructed with a view angle of 360¡. Image b is constructed with a view angle of 180¡ from the west (right). Image c is constructed with a view angle of 180¡ from the north (top). Image d is constructed with a view angle of 90¡ from the north (top). The images are squeezed in the north-south direction to make the aspect ratio unity.
for the sth-bounce is W P s(sin s*/s*)1@2. In the limit of small angle and considering the conversion between di †er-ent summations, it can be shown that the weighting function multiple bounce used here is equivalent to the weighting function in equation (4) in Braun et al. (1998) .
One can add the signals of multiple bounces to enhance the signal-to-noise ratio. But one has to be cautious when adding the signals from multiple bounces because the phases of the time series of amplitude constructed with different bounces are di †erent. The phase of the time series of amplitude constructed from s ] 1 bounces is about 1.3 minutes ahead of that from s bounces in the quiet Sun . The correlation value between the time series from one bounce and two bounces is about 0.6 for 385 minute time series. The averaged acoustic intensity over the quiet Sun from two bounces is smaller than that from one bounce by about 6%. The spatial Ñuctuations of acoustic intensity in the quiet Sun for one bounce and two bounces are very close.
There are two ways to add the signals from di †erent bounces : the incoherent sum and the coherent sum. For the incoherent sum, we simply add the intensities from di †erent bounces. For the coherent sum, we match the phases (shifted by 1 minute) before adding the amplitudes, and then square the total amplitude to compute the intensity. Figures  9a and 9b show the acoustic intensity images from one bounce and two bounces, respectively. Figures 9c and 9d show the intensity images with incoherent and coherent sums of Figure 9a and 9b, respectively. The mean intensity increases by a factor of 2 after the incoherent sum as expected. The mean intensity increases by a factor of about 3 after the coherent sum. The contrast of sunspots remains the same after the incoherent sum. But the contrast of the preceding sunspot increases from 16% to 22% after the coherent sum. 5.9. Cancellation of Signals from Points Other T han the T arget Point The wave amplitude that we observe at each point on the solar surface includes signals from all other points in the Sun, not just the target point. The key for the success of acoustic imaging depends on the cancellation or minimization of the signals from the points other than the target point in the phased summation. This cancellation is similar to the destructive interference in optics. Detailed theoretical study is required to quantify the degree of cancellation, given the peculiar nature of the solar interior : the steep sound-speed gradient, multiple reÑections, and relatively long wavelengths compared to the scale of the phasedarrayÈtarget system.
Here we give a simple estimate for the signal left over from the incomplete cancellation. For a target point on the surface, the p-mode oscillations with the same u/l can be decomposed into ingoing and outgoing components, where * is the angular disa i ((t ] */u) ] a o ((t [ */u), tance from the target point, u is the horizontal group velocity (depending on u/l only), and and are the a i a o amplitudes of ingoing and outgoing components, respectively. If we apply the phased summation with the timedistance curve, t \ */u, to construct the signal at the target point (* \ 0) at t \ 0, the contribution of the outgoing component is ( (0), which is the signal at * \ 0 at t \ 0 ; this is what we intend to measure. The contribution of the ingoing component is ((2*/u), which is the signal at 2* at t \ 0. If we sum over all u/l, the contribution of the ingoing component equals the summation of the observed signal in an annulus whose size is twice the collecting annulus. This is the signal left over from the incomplete cancellation. This leftover signal may contribute to the spatial Ñuctuations of the quiet Sun in the constructed images.
L imit of the Focal Depth
In principle, phased summation can be carried out for a target point at any focal depth. However, at deeper focal depths, fewer modes, only those at lower l, can penetrate into the focal depth :
decreases. The signal-to-noise l max ratio of the constructed acoustic intensity will become smaller, and the spatial resolution will become poorer. Thus there may be a practical limit for the focal depth beyond which this method becomes useless.
Phase
The time series of constructed amplitude contains information on frequency, intensity, and phase. In this paper we mainly present the results from intensity. But the phase can provide much information about the solar interior and atmosphere. Here we give two examples. First, as we have mentioned, the phase of the p-modes advances about 1 minute after the journey of one bounce. This phase shift depends upon the properties of the region near the upper reÑection layer of the p-modes (Je †eries et al. 1994) . More detailed study with better temporal resolution and a variety of wavelength and frequency bands may provide more information on the properties of the photosphere and chromosphere. Second, we can also compute the crosscorrelation between the time series constructed by ingoing waves and that constructed by outgoing waves (Lindsey & Braun 1997) . We found that the phase shift between the ingoing and outgoing time series in the active region is di †erent from that in the quiet Sun. This result was present-ed in another paper . The phase shift is caused by the change in travel time in the magnetic regions. The time-distance curve used here is derived from the quiet Sun. As discussed in°5.6, a change in travel time, dq, will cause the time series of constructed amplitude to be shifted by dq. This shift can be detected in the phase measurement. The causes of the change in travel time could be (1) mass Ñow, (2) perturbation of sound speed, (3) perturbation of acoustic cuto † frequency, and (4) magnetic Ðeld Kosovichev & Duvall 1997 ). Finally, we should mention that the phase information has a better vertical spatial resolution than intensity because the phase information is derived from the whole time series of the constructed amplitude while the intensity is computed by adding the time series of squared amplitude as discussed in°5.6.
